Abstract A new method was developed for separating Co, Fe, and Sc from complex debris matrices using the extraction chromatography resin DGA. The activation products Co-58, Mn-54, and Sc-46 were used to characterize the separation of the synthetic melt glass solutions. In the separation scheme that was developed, Au, Co, Cu, Fe, Sc, and Ti were separated from the rest of the sample constituents. In this paper, the synthetic melt glass separation method, efficiency, recoveries, and the length of procedure will be discussed. Batch contact adsorption studies for Na and Sc for DGA resin are discussed as well.
Introduction
Federal and international agencies rely on quickly obtained and highly accurate technical data for nuclear forensic investigations which requires rapid and accurate analysis of a variety of samples in a variety of matrices. To advance the analytical timeline of samples, the more rapid and efficient a separation can be made, the shorter the total time from sample acquisition to data analysis. Many current techniques are lengthy, complicated, employ many man hours, and have been tested only on environmental debris, such as trinitite and soil samples. For instance, the majority of the methods in the ''Collected Radiochemical and Geochemical Procedures'' take 4-10 h to complete [1] . Since these methods are for single element separation from uranium, fission-product solutions, and nuclear debris it would, therefore, take many people or many days to separate and analyze more than a few radionuclides. Another concern regarding these techniques is that debris from an urban setting will have a more complex matrix than debris formed in rural settings since the debris may consist of a combination of soil, cement, and building materials in one sample. It is unknown how these techniques may be affected due to the variations in the compositions of the debris.
The elemental composition in post detonation urban debris is expected to be different and more complicated than the debris that was produced during the nuclear testing era. Due to the large amount of construction materials in urban settings, it is expected there will be many more transition metals in debris. For instance, structural steel A514 consists of varying percentages of Mn, Cr, Cu, Ni, and V [2] . Since fission product yields for isotopes with mass numbers below 70 g mol -1 are less than 10 -5 %, the first row transition metals are not likely to reveal any information about the fuel of a device by the shifting of the lighter wings of the thermal fission yield [3] . Instead, the activation of the first row transition metals is sensitive to differences in incident neutron energy. For example, the cross section for the Mn-55(n,2n)Mn-54 reaction peaks at *0.9 barns at *19 MeV incident neutron energy and drops below 0.001 barns *10 MeV incident neutron energy [4] . Since transition metals are not dominant fission products, the radioisotopic changes observed will specifically be due to neutron activation. For this reason, rapid analysis of first row transition metals is of interest.
In this work, we are interested in rapidly separating some of the transition metals from synthetic urban nuclear debris (melt glass). In particular, we are interested in & Audrey R. Roman aroman@lanl.gov developing a separation method which can reduce the time to analyze multiple radionuclides with fewer man hours. DGA resin (Eichrom Technologies, Inc.), is of interest due to its selectivity to some of the first row transition metals which would allow for multiple radionuclides to be separated with one separation scheme. Even though this resin has been widely studied for the adsorption of[60 elements in a variety of matrices, column studies to separate first row transition metals from one another have not been performed [5] [6] [7] . However, based on the adsorption studies that have been performed, it is apparent that separations of first row transition elements from one another are possible. For example, Cu is more strongly retained on DGA than Ni in hydrochloric acid [5] and Fe is more strongly retained in both nitric and hydrochloric acid solutions than Mn [7] . In addition to the first row transition elements, the separation of other elements found in the melt glass debris are also of interest, such as Group 1 and 2 elements and the actinides.
There have been column studies with DGA that include some of these elements. Horwitz et al. performed a separation of Ba, Ca, Mg, and Sr, from a DGA column in nitric acid solutions in order to separate Ca and Sr from the mixture. Ba and Mg were eluted with 4 M HNO 3 , Sr with 0.25 M HNO 3 and Ca with 0.1 M HCl [5] . Pourmand performed a column separation using a multi-element standard containing 34 elements, including Ca, a variety of transition metals, lanthanides, and actinides [7] . This column separation, conducted in nitric acid solutions, was effective in the separation of the desired constituents for the analyses of Ca, Hf, Lu, Th and U in geological materials. Since the separation of the first row transition elements were not of interest for their application, the elements that were present in their sample (Co, Cr, Cu, Fe, Mn, Ni, V and Zn) were removed in the first rinses (3 M HNO 3 ? 0.2 M H 3 BO 3 and 3 M HNO 3 ); no separation was observed between the transition metals. There have been separations of soil, cement, and brick samples, which would have similar compositions but only with the intent of separating the actinides [8] [9] [10] [11] . Therefore, this separation of urban melt glass, which consists of both cement and glass, with the intent to separate some of the first row transition metals using DGA resin, is unique.
Experimental Batch contact method
This experimental method for batch contact studies was based on a previously developed procedure by Gharibyan [12] . For all the batch studies in this paper, a known amount of DGA resin, which will be explained in detail below, was weighed in a Bio-Spin column. This resin was preconditioned using a certain concentration of a desired acid and mixed by placing the microcentrifuge tube on a Labquake Rotisserie shaking table for an hour. After the resin was wet, a known amount of analyte was added to the preconditioned resin. These samples were mixed again on the shaking table for 1 hour. Separation of the liquid and resin beads was achieved and the filtered solutions were analyzed by ICP-AES (Inductively Coupled PlasmaAtomic Emission Spectroscopy) or a 5 9 5 inch NaI well detector depending on the radioactivity of the analyte(s). The k 0 values, free column volumes to peak maximums, were calculated as discussed in the measurements section below. All errors of k 0 values represent the standard deviation between replicates. Three replicates were performed for all batch studies discussed.
For the nonradioactive Sc, the amount of resin used was 50 mg of DGA and the precondition volume was 0.9 mL of hydrochloric or nitric acid solutions. An additional 0.3 mL of the analyte solution was added to the preconditioned resin to prepare a 1.2 mL solution of 5 mM metal ion solution.
For the Na-22 batch contact studies, the amount of resin was 100 mg of DGA; the precondition volume was 0.5 mL of hydrochloric or nitric acid solution in a Bio-Spin column, which was drained prior to sample addition. Then 1.0 mL of the same concentration of acid and 0 5 mL of 600 Bq Na-22 0.1 M of acid was added.
The analyte solution for Sc was prepared in the following manner. The Sc 2 O 3 was dissolved in either concentrated nitric or hydrochloric acid and heated until dry three times. The dried residue was then dissolved in the desired nitric or hydrochloric acid concentration.
Column separation
The columns used for the separations described in this paper were packed using the slurry packing technique. For the first column studies, a 20 mL gravity fed Evergreen column which contained 10 mL of DGA resin was used, the second and the third column was a 3 mL Bio-Spin column which contained 2 mL DGA resin. The resin was preconditioned with 10 M HCl and topped with glass wool. The total mass of the dissolved melt glass bead solution was determined and a 5 mL aliquot, determined by weighing, was analyzed by gamma spectrometry. The first column loading solution had a volume of 25 mL. As studies progressed, only a fraction of a second dissolved melt glass bead was used for the second and third column. Furthermore, the dissolution of the melt glass became more efficient which decreased the volume of loading solution. Therefore, the second column loading solution had a volume of 5 mL and the third 4 mL. All fractions (25 mL per fraction for the first column, 5 mL for the second, and 2 mL for the third), were dried to completeness and reconstituted in 5 mL of acid to retain common geometry for gamma analysis. All samples were placed in plastic scintillation vials for gamma analysis.
The melt glass bead analyzed was acquired from UNLV and was created with equal parts soda lime and Quickrete cement, 1 g each. Quickrete cement consists of an unspecified mixture of hydrate lime, cement and white sands. Since the exact composition of the cement was proprietary, it was estimated to be 50 % Portland cement, the most common cement which also has the highest amount of Ca [13] . Since Portland cement is known to contain up to 67 % CaO and the soda lime is 11 % CaCO 3 , it was calculated that roughly 28 % of the 2 g melt glass bead was Ca [14] . Due to the high concentrations of calcium relative to the rest of the matrix components, we had to consider the effects of the high Ca concentration on a separation. The working capacity for DGA for Sr is 7.23 mg Sr mL -1 resin [5] . Previously, Horwitz had performed a column separation with Sr using DGA in which Sr exceeded the capacity of the column by 30 [5] . Based on the assumption that Ca and Sr would have similar loading capacities on DGA resin, we concluded that the column sizes chosen for these studies would be adequate. The glass bead material was spiked with dissolved solutions of Au, Fe, Ni and Ti that been irradiated to form activation products. Activation products that were identified in the dissolved solution were Co-58, Mn-54 and Sc-46. The first column contained *1800 Bq Co-58, *25 Bq Mn-56, and *11 Bq Sc-46. The load solution for the second column was spiked with *67 Bq Mn-54 and the third column was spiked with *15 Bq Sc-46 (Table 1) .
Measurements
To calculate the k 0 value, which is defined as the free column volume to peak maximum, measurements were taken via ICP-AES and gamma spectrometry to determine the concentrations of the analytes in the solutions pre and post contact with the resin. The values of k 0 were calculated using Eq. (1).
The activity or concentration of the initial solution is represented by A o , A s is the activity or concentration of the analyte in the solution after equilibrium is reached,
is the activity or concentration of the analyte on the resin after equilibrium is reached, m is mass of the resin (g), and V is the volume of solution (mL). For the k 0 studies, the radionuclides studied were analyzed on the assembled 5 00 9 5 00 NaI well detector. An ORTEC HVPS was used and applied 0.80 keV to the detector. The detector was then hooked up to an ORTEC Spectroscopy Amplifier 6725 with fine gain set to 1.0 and coarse gain at 20. An ORTEC 996 Timer and Counter was used to determine the total counts over a set time period. The column separation fractions were analyzed on HPGe detectors where peak area analysis and nuclide identification were performed using the in-house program SPE-CANL. These radioactive samples were counted for 2000 min each and all error is reported as 1 sigma. All stable elements were analyzed by ICP-AES and the error reported is the replicate standard deviation.
Results and discussion

Na adsorption
Sodium is of interest since it is commonly found in many environmental samples and will most likely be a large component of urban debris and soil samples. The US Geological Survey found on average 12,000 mg L -1 Na in soil for the conterminous US [14] . The adsorption of Na has been previously investigated on DGA. Pourmand reported no adsorption of Na to DGA in nitric and hydrochloric acids [7] . This k 0 study of Na was performed before Pourmand's paper was published.
Initially, Na adsorption was studied on DGA resin by contacting nonradioactive 5 mM NaNO 3 with DGA resin in varying nitric acid concentrations. These samples were analyzed on the ICP-AES. Approximately 1.5 mg L -1 Na was found in the method blanks (i.e. the samples that contained resin, but did not have any added sodium) but not in the acid blanks which did not contain resin. Furthermore, it was observed that the concentration of Na in the solution after contact with resin was greater than the starting concentration; as a result, k 0 values for Na could not be calculated. Since the resin was used as received and not rinsed prior to the batch study and based on our observations that Na was found in the blank samples and excess Na was found in the solutions after contact with the resin, we concluded that the DGA resin contained Na. It is possible that the Na was adsorbed onto the resin during its synthesis. During the synthesis of DGA resin, the extraction phase of TODGA ligand used NaHCO 3 and NaCl solutions, which were directly added into a rotovap together with the inert support [5] . In this evaporation step, the Na may have adsorbed and may therefore contribute to the Na detected in the method Table 1 Materials added into the melt glass and their main compounds [14] blanks contacted with resin. Further study found that to fully remove Na from 50 mg DGA resin, 1.5 mL in contact with the resin for 1 h with three replicates were necessary. The amount of Na removed from the resin was consistent between nitric and hydrochloric acid. For the remainder of the studies, all DGA resin used was thoroughly rinsed.
Since we concluded that DGA contains adsorbed Na, which hindered the analysis of Na by ICP-AES, the determination of k 0 Na was performed using Na-22. In order to remove the Na found in the DGA resin, the resin was preconditioned with 1.5 mL of the desired acid three times to remove excess Na. The acid was filtered off after each rinse and prior to the addition of Na-22. The data are represented in Fig. 1 and shows k 0 Na-22 *3 for both nitric and hydrochloric matrices. These k 0 values represent a small degree of adsorption of Na to DGA. Pourmand reported no absorption for Na in nitric and hydrochloric acid solutions [7] . However, it is difficult to directly compare our results with Pourmand because they reported K d values rather than k 0 , the concentration of Na used by Pourmand is unknown, and the solutions Pourmand used contained multiple elements in addition to Na. The use of the radionuclide Na-22 allows for a lower detection limit, thus it is possible that our method produced measureable amounts of Na adsorption because of the lower detection limit. Even though the k 0 Na values are higher than previously reported, they are still quite low and should not greatly affect the adsorption of other analytes to the resin in a column separation. The slight retention indicated by these k 0 values do indicate that additional rinses may be required to fully elute Na from a column.
Sc adsorption
Although Sc is not commonly found in soils, it may be found in post detonation samples due to prompt fast neutron activation of metals found in a nuclear bomb or urban rubble. While adsorption studies of Sc on DGA have been performed previously [15, 16] , we conducted k 0 measurements of Sc on DGA after the behavior of Sc on a DGA column did not behave as expected (as described in the column separation studies described below).
In Fig. 2 , the adsorption of Sc to DGA resin in varying concentrations of nitric and hydrochloric acid is illustrated. The Sc adsorption is highly dependent on nitric and hydrochloric acid concentrations. For nitric acid matrices, Sc has k 0 [2000 at low acid concentrations, followed by an increase between 0.1 M and 2 M HNO 3 , where the k 0 reaches the minimum detectable limit of the ICP-AES, k 0 *10 6 . In hydrochloric acid the k Sc ' values range from *30 to *20,000. Unlike the nitric acid k 0 values, there is a decrease in k 0 observed between 0.1 M HCl and 1 M HCl, followed by an increase between 1 M and 2 M HCl to the maximum k 0 value measureable for hydrochloric acid, which is 20,000 by ICP-AES for the hydrochloric acid samples. Based on the data presented in Fig. 2 , it would be difficult to elute Sc from a DGA column from either nitric acid or hydrochloric acid solutions.
Alliot [16] and Dirks [15] have both reported adsorption studies of Sc for DGA resin. As with our data, they reported higher adsorption of Sc from nitric acid solutions than from hydrochloric acid solutions, however neither author reported a decrease in Sc adsorption from 0.1 M to 1 M HCl. Furthermore, the absorption of Sc reported in our study is higher than reported by both Alliot [16] and Dirks [15] . The reason for the difference in magnitude of Sc adsorption may be due to differences in the experimental methods used. For example, while the volumes used for the k 0 values are similar to Dirks (1.2 mL vs. 1.4 mL for Dirks), the concentration of Sc used by Dirks was much higher (0.11 ug mL -1 vs. 10 ug mL -1 used by Dirks) [15] . Furthermore, the DGA resin used by both Alliot and Dirks were obtained from TrisKem; it is uncertain whether the TrisKem DGA is identical to the Eichrom DGA. Based on these findings, additional work on Sc adsorption is needed, particularly for hydrochloric acid solutions.
Synthetic melt glass column separation
A separation based on DGA resin was chosen because of its potential to separate activated products from one another. Considering the published adsorption values for DGA [5] [6] [7] 15] , a separation was devised in order to separate the constituents Al, Ca, Co, Fe, Mg, Mn, Na, Ni, Sc and Ti, described in Fig. 3 . The loading solution consisted of 10 M HCl in order to increase the adsorption of Au(III), Co(II), Fe(III), and Ti(IV) to the resin, while allowing the elution of Al(III), Ca(II), Mg(II), and Mn(II) from the column. The next mobile phase was 2 M HCl, which was used in order to elute Co(II) and Ti(IV); since the reported K d values are lower at the concentration, yet the Au(III) and Fe(III) adsorption is still high enough for these ions to be retained on the column. In the next step 2.0 M HCl and 0.3 M ascorbic acid were used to reduce Fe(III) to Fe(II), since divalent Fe was not expected to be retained on DGA at this concentration. In this phase, it is expected that Pu(IV) would be reduced to Pu(III), but since DGA still has a large preference for trivalent actinides at [1 M HCl, Pu(III) would not be expected to elute at this acid concentration. At the time of planning this separation, the Sc batch studies had not been analyzed yet. Therefore, the proposed elution was based on data provided by Dirks for the TrisKem DGA resin [15] . The adsorption study for hydrochloric acid described by Dirks showed low Sc adsorption at low HCl concentrations; for that reason, 0.1 M HCl was selected as the eluent for Sc. Due to the large K d values reported for Au for DGA [7] , Au was not expected to elute off in any concentration of hydrochloric acid. However, Au elution was expected to occur in either 0.1 M HCl ? 0.01 M HF or 0.01 M HNO 3 . In this separation scheme, the elution of Am and Pu was considered, even though they were not present in the melt glass bead, they likely would be present in a post detonation sample.
By the time the separation was started only Co-58, Co-60, Mn-54, and Sc-46 were detectable in the dissolved melt glass bead solution by gamma spectroscopy. Due to shipping, onsite approval for the material, and the lengthy dissolution procedure, there were limited radioisotopes present in the sample resulting from the decay of the majority of the activated products by *7-8 half-lives, making detection and analysis difficult. Since the starting melt glass was 2 grams, the volume of the initial load solution was quite large at 25 mL in 10 M HCl. Since the standard geometry for the count room gamma spectrometers is 5 mL, only a fraction of the total initial solution was analyzed. The cold constituents were analyzed by ICP-AES after the completion of the gamma spectrometry counting. Therefore, this initial separation was used as a qualitative study of the separation.
The separation and analysis of the 2 gram melt glass bead are presented in Fig. 4 . As expected, Al, Ca, Mn, Na, and Ni eluted in the 10 M HCl loading and rinse fractions. However, a portion of Ti also eluted in the l0 M HCl loading and rinse fractions. Significant amounts of Na and Mn were found in the subsequent 2 M HCl rinse, which is most likely due to the large amount of Na, Ca, and Si in the sample. Co and the remainder of the Ti eluted from the column in the 2 M HCl rinses as expected. Fe was eluted in two separate [15] . Furthermore, another separation of Sc with DGA resin was recently published in which Sc was separated from Ca using a DGA column [17] . After removal of the Ca at higher HCl solutions, Sc was reported to elute completely with 0.1 M HCl [17] . However, as discussed earlier, based on our column result, we performed Sc adsorption studies in both nitric acid and hydrochloric acid solutions; our hydrochloric acid k 0 results for Sc are consistent with our column results. In the 0.01 M HNO 3 fraction, the Au was not eluted as expected and a purple band was present at the top of the column. It was expected that this band was most likely due to Au, since it was not detected in any of the other mobile phases. To test this hypothesis, the resin was removed from the column and the TODGA ligand and purple material was stripped from the resin using methanol. Once the dissolved ligand was separated from the resin, aqua regia was used to digest the TODGA ligand and dissolve the Au. The undigested residue turned from purple to white, and the solution turned a gold/ yellow color. This solution was then analyzed by ICP-AES and was confirmed to contain Au. During the separation, we believe that colloidal Au was formed, which can turn a purple color depending on particle size [18] , and the resulting colloid strongly adsorbed onto the resin. The total time for separation using this column was 6 h. For this separation, the percent recoveries for the majority of the elements were calculated from the total recovered at the end; the exceptions are the radionuclides, since their activities were known before the separation started. The percent recovery for Al was 82 ± 2 %, Ca was 95 ± 1 %, Co-57 was 78 ± 4 %, Fe was 78 ± 4 %, Mg was 86 ± 0.4 %, Mn-54 was 69 ± 3 %, Na was 93 ± 6 %, Ni was 91 ± 1 %, Sc-46 was 82 ± 0.3 %, and Ti was 98 ± 4 %.
A second column experiment was performed in order to improve the separation of these elements. In this separation, new synthetic melt glass was obtained; an aliquot of the dissolved melt glass solution was spiked with a dissolved Fe foil that contained its activation product, Mn-54.
Since we only took a portion of the whole dissolved melt glass, the column size was reduced to 2 mL and the solutions were collected in 5 mL increments. The results from this study are presented in Fig. 5 . In this column, a new element, Cu was analyzed and the load solution did not contain Co-60 or Sc-46. In this experiment, Al, Ca, Mg, Na, Si and Cu were eluted in the load solution (10 M HCl). Since these elements did not elute in the subsequent 2 M HCl fraction, the additional rinses appeared to have worked. Unlike the previous column, Ti was not detected in the 10 M HCl fractions. In the 2 M HCl fraction, Ti eluted as well as a significant fraction of the Fe, which is attributed to a mixture of Fe(II) and Fe(III) in the load solution. There also appeared to be a slight separation between Cu and the rest of the elements eluted in the 10 M HCl loading fraction. Therefore, it might be possible to separate Cu from the other elements in future columns by collecting smaller fractions as the separation is performed. The percent recovery for Al was 87 ± 1.5 %, Ca was 94 ± 1 %, Cu was 100 ± 0.04 %, Fe was 99 ± 0.6 %, Mg was 75 ± 0.3 %, Mn-54 was 100 ± 2 %, Na was 66 ± 0.6 %, Ni was 61 % ± 0.1 %, Ti was 92 ± 2 %, and. Generally, the recoveries were fairly good. This separation in whole took about 4 h to do.
In the third and final separation performed on the synthetic melt glass, the conditions were held the same as the previous column, except that Fe was oxidized to its trivalent state by the addition of H 2 O 2 to the loading solution prior to addition to the column and 2 mL fractions were collected. In addition, the glass bead solution was spiked with a dissolved activated foil of Ti, which contained Sc-46, the loading solution did not contain Mn-54, and Mg was not analyzed. The results are presented in Fig. 6 . As before, Al, Ca, Na and Ni eluted first; Cu eluted later in the Fe to the trivalent state was a success. As a result of the improvements that were made to this separation, a clean separation of Cu, Fe, Sc, and Ti, was achieved. The total time for the column separation was approximately 3 h. The percent recovery for Al was 36.2 ± 1.5 %, Ca was 64.5 ± 9.2 %, Cu was 60 ± 2 %, Fe was 91 ± 0.4 %, Ni was 97.8 ± 11 %, Sc-46 was 88 ± 0.1 %, and Ti was 85 ± 0.1 %.
Conclusions
In conclusion, Na was found to have a higher adsorption to DGA in nitric acid than previously found. Even though Na affinity is higher than expected for DGA resin, besides possibly causing broadening, the Na adsorption is still not high enough to cause a large effect on the adsorption or desorption of other metals to DGA resin. The affinity DGA has for Sc was determined in hydrochloric and nitric acid. The k 0 values for Sc were so high in both matrices that desorption would be unlikely unless alternate acids were used, such as HF. Also in this study, we were able to successfully separate Co, Cu, Co, Fe, Sc, and Ti from synthetic urban melt glass within a reasonable time frame. Due to the fact that the majority of the radionuclides for these elements would be analyzed by gamma spectrometry, elution of each element could be done straight into a gamma vial and go straight to counting without any further sample preparation needed. Therefore, the use of this separation scheme would greatly decrease the time needed to analyze these elements.
